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ENERGY DEPOSITION ISSUES AT 8 GeV
���

BEAM COLLIMATION
AND INJECTION TO THE FERMILAB MAIN INJECTOR �
A.I. Drozhdin� , M.A. Kostin,N.V. Mokhov, FNAL, Batavia, IL 60510,USA

Abstract

Theenergydepositionandradiationissuesat8 GeV ���
beamcollimationin thebeamtransferline andat stripping
injectionto theFermilabMain Injector(MI) areanalyzed.
Detailedcalculationswith theSTRUCT [1] andMARS15 [2]
codesareperformedonheatingof collimatorsandstripping
foils, aswell ason acceleratorelementsradioactivationat
normaloperation.Extractionof theunstrippedpartof the
beamto the externalbeamdumpandlossof the excited-
state�	� atomsin MI arealsostudied.

INTRODUCTION

Fermilabis currentlyworking on thedesignof a super-
conductingRF linac,ProtonDriver (PD). It will accelerate
1.5 
 10���� � ions up to 8 GeV with a total beampower
of 0.5MW upgradableto 2 MW. The � � ionsarestripped
to protonsin foils andinjectedinto MI for accelerationto
32-120GeV, mainly for neutrinooscillationsstudies.Re-
sultspresentedin thispaperarefor the0.128MW PDbeam
injectedwith the0.67Hz repetitionrateinto MI in the120-
GeV mode. The 32-GeVMI canbe fed at 2.5 Hz by the
0.5MW PD beam.The8-GeVbeamdirectly from PD can
alsobe usedfor neutrinooscillationstudiesandotherex-
periments. The energy depositionandradiationissuesat
8 GeV � � beamcollimationin thebeamtransferline and
at strippinginjectioninto MI arediscussedbelow.

BEAM LINE COLLIMATION SYSTEM

The beamline is comprisedof five sections(Fig. 1):
beam matching betweenRF linac and the FODO lat-
tice of beamline, amplitudecollimation,momentumjitter
correctionandmomentumcollimation,matchingbetween
FODO lattice andMI. Halo collimation is doneby strip-
ping � � ions at a foil locatedupstreamof the focusing
quadrupoleand then intercepting �	� atomsand protons
at the beamdumplocated5 m downstreamof the focus-
ing quadrupole(Fig. 1, bottom). Six foil-dump stations
areusedfor amplitudecollimationin thefirst threecellsof
thebeamline, with two additionalstationsfor momentum
cleaningat locationswith positive andnegative dispersion
wave maxima. Beamcollimation is doneat 3.5����� � and�������

= 0.001.
As MARS15 calculationsshow (Fig. 2), the steeldump

withstands,in principal,a singlepulseof accidentallylost�
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Figure1: " functions(top),horizontaldispersion(middle)
in the beamtransferline, andprincipal of strippingcolli-
mation(bottom).

beambut is melt if the next pulsearrives. If oneassumes
that the dumpshouldwithstandtwo pulsesin a row, then
theoptimalsolutionwouldbea0.5-mlong and10-mmra-
dially thick graphiteinsertin a 1-m longsteeldump.
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Figure 2: Instantaneoustemperaturerise in steel beam
dumpperasinglepulseof 1.5 
 10�'� protonsat � �(� � =1mm.

Totallossrateinsidethebendingmagnetat ��� ionstrip-
ping from blackbodyradiation,magneticfield andresidual



gasstrippingis about1.8 
 10) p/m or 0.15W/m. We have
found* thatwith a taperedliner insidethebendingmagnets
at 2 m to their downstreamends,irradiationof the inter-
connectregionscanbereducedby anordersof magnitude
down to about0.5mSv/hr.

PAINTING INJECTION

Painting injectionof the8-GeV � � beamis performed
by using four horizontal kicker magnetsin MI and two
pairsof thehorizontalandverticalkicker magnetslocated
in the injection beamline (Fig. 3). Gradualreductionof
thekickerstrengthsallows “painting” of theinjectedbeam
acrosstheapertureto therequiredemittance.
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Figure 3: Painting injection scheme(top) and kicker
strengthduringinjection(bottom).

The stripping foil is locatedat the exit of the second
paintingkicker in its fringe field. Thekicker magnetfield
is chosensuchthatit providesstrippingof atomswith prin-
cipal quantumnumbersn A 5. As shown in Fig. 4, this re-
quiresthekickerfield to be A 0.05T. Fromtheotherhand,
the field shouldbe low enoughto minimize the � � ions
stripping. It is seenfrom Fig. 3 that the kicker strength
decreasesfrom 0.1 T to 0.06T during 20 turns,andthen
slowly dropsto 0.05 T during another70 turns. Estima-
tions show thatat the beginningof injection the magnetic
field of the secondkicker causesstrippingof 5 
 10�(B of
injected��� , producing7 W of powerlossdownstreamthe
foil. Thestrippingprobabilitiesof � � Starkstatehydrogen
atomsin downstreammagnetsarepresentedin Table1. It
is assumedherethat � � atomspassadistanceof C 1 cmin
the maximumfringe field of the kicker magnet.This dis-
tanceis enoughfor � � atomswith n A 5 to bestrippedto
protons,which go to the circulatingbeamwithout chang-
ing thebeamemittance.Someatomswith n=4areleft un-
stripedandgo to thebeamdump,and,unfortunately, some
fractionof themis strippedin thethird kicker. Thesepro-

tonswill contributeto thecirculatingbeamhaloandcause
lossesdownstreamof thekicker.
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Figure4: Calculatedlifetime of Starkstate8-GeVhydro-
genatomsin magneticfield.

Table1: A strippingprobability of 8 GeV � � Starkstate
hydrogenatoms.

n B lifetime decaylength effect
T sec m

kicker No.2, DFEHGJILKNMPORQTSVUXW
4 0.1 Y 10Z\[][ 0.003 stripped
4 0.06 ^ 10Z\[_ 0.03 unstriped
5 0.06 Y 10Z\[L` 0.0003 stripped
4 0.05 ^ 10Zba 3.0 unstriped
5 0.05 Y 10Z\[][ 0.003 stripped

quadrupoleQ102,DFEHGJILKNMPOdcfegSVW
4 0.025 ^ 100 unstriped

kicker No.3, DhEHGiIjKNMPOlkbegmonhW
4 0.1 Y 10Z\[_ 0.03 stripped
4 0.06 10Z\[_ - 10Zbp 0.03- 300 partialstripped
4 0.05 10Zba - 10Z�q 3 - 30000 unstriped

The circulating protonspassseveral times throughthe
foil. Multiple Coulombscatteringis smallbecauseof small
foil thickness. Particle ionization loss in the foil at one
passis 4.e-20of initial energy. Multi-turn simulationsshow
that 0.03%of the injectedbeamis lost in the accelerator
becauseof nuclearandelasticinteractionsin the foils for
the270-turninjection.This fractionis a factorof threeless
for the90-turnone.

HEATING AND RADIOACTIVATION

Two carbonstripping foils 1.5rts thick (300rtu �wv slx )
with a transversesize of 12 
 12 mmx are located0.4 m
apart. Protonspassthroughthe foils 4.4 and 15.9 times
on averageat the 90 and270-turninjections,respectively.
This includesthevery first passwhile theprotonsarestill
constituentsof �y� ions. It is assumedthat theenergy de-
position is instantaneousand thereis no evolution of the
foil temperatureduringtheinjection.Most of the � � ions
arestrippedin the first foil andthe electronsareremoved
beforethe secondfoil. The foil heatingcalculationswith
the MARS15 codeweredonewith a conservative assump-
tion that all the � � ions were strippedin the very up-
streampart of the first foil and electronspassedthrough
it contributing to theheating.At thesametime, it wasas-
sumedthat 20% of � � ions survive the first foil andare



strippedin the secondfoil. The protonenergy of 8 GeV
correspondsz to a Lorentz-factorof 9.526andthe electron
energy of 4.357MeV. As shown in Table2, the instanta-
neoustemperaturerisefor the270-turninjectionis closeto
the carbonintegrity limit. Fig. 5 is a graphicalrepresen-
tation of the temperaturerise after onecycle of 270-turn
injection.

Table2: Energy depositionandinstantaneoustemperature
risein thestrippingfoils dueto electrons,protonsandboth.

Peakenergy deposit Peaktemperaturerise
Foil 1 Foil 2 Foil 1 Foil 2

J/g K
Electron 1478 296 - -

Proton,90-turn 2182 2230 - -
Proton,270-turn 6616 6639 - -

e+ p, 90-turn 3621 2502 1991 1470
e+ p, 270-turn 6616 6639 3358 3368

Figure5: Instantaneoustemperaturerise in the first strip-
ping foil for the270-turninjection.

Residual dose on the upstreamend of the hottest
quadrupolebeyondthefoil after30 daysof irradiationand
1 day of cooling, also known asa “0 cm/30days/1day”
dose,variesfrom 20 mSv/hrdown to 0.1 mSv/hr for the
90-turninjectionandfrom 74mSv/hrto 0.1mSv/hrfor the
270-turnone(1 mSv = 100 mrem). A corresponding2D
distribution is shown in Fig. 6. Table 3 summarizesthe
averagedresidualdoseson thequadrupolesurface.

Table 3: Residualdose on six surfacesof the hottest
quadrupole.

Surface Residualdose(mSv/hr)
90-turninject. 270-turninject.

front 4.1 15.5
rear 0.16 0.57
left 0.15 0.69

right 0.22 0.77
bottom 0.41 1.41

top 0.46 1.63
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Figure 6: Residualdoseon the upstreamendof the first
quadrupoledownstreamthefoil for the270-turninjection.

The most radiation-sensitive magnet ingredients are
epoxyandcoil insulation. A typical lifetime limit on the
absorbeddosefor thesematerialsis about4 MGy (1 MGy
= 100Mrad). TheMARS-calculatedpeakabsorbeddosein
thequadrupolecoils is about1 MGy/yr thatcorrespondsto
about4-yearlifetime.

INJECTION BEAM DUMP

The � � atomsremainingafterthestrippinginjectionare
directedto an additional thick foil to ensurea complete
strippingto protonsbeforeextractingthemto an external
beamdump.As a realstrippingefficiency is unknown, we
follow a conservative approachallowing up to 10 kW of
beampower be absorbedby the beamdump. This corre-
spondsto 8% of the injectedbeamdirectedto the dump.
A shutdown aftera beamaccidentwill allow to investigate
thecauseof theaccidentandto keepanintegratedparticle
rateon thebeamdumpin a requiredlimits.

The design goal for the injection beam dump is to
achieve similar radiationlevel asat the existing MI beam
dumpwhichconsistsof a0.15
 0.15
 2.4-mgraphitecore,
a0.15-mthick aluminumwater-cooledbox,surroundedby
a 0.84-msteelfollowedby 1.1-mconcreteshielding. The
MARS15 calculationsshow that additional0.3 m of steel
shieldingis neededin orderto achievethedesigngoals.
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